Some of the problems in determining the cancer risk of low-level radiation from studies of exposed groups are reviewed and applied to the study of Hanford workers by Mancuso, Stewart, and Kneale. Problems considered are statistical limitations, variation of cancer rates with geography and race, the "healthy worker effect," calendar year and age variation of cancer mortality, choosing from long lists, use of proportional mortality rates, cigarette smoking-cancer correlations, use of averages to represent data distributions, ignoring other data, and correlations between radiation exposure and other factors that may cause cancer.
There have been several papers in recent years purporting to give evidence that low level radiation (-10 rad) is more dangerous than indicated by conventional estimates like those of the National Academy of Sciences Committee on Biological Effects of Ionizing Radiation (BEIR) [1] , the United Nations Scientific Committee on Effects of Atomic Radiation (UNSCEAR) [21, and the International Commission on Radiological Protection (ICRP) [3] . The best known of these is the study by Mancuso, Stewart, and Kneale [4] (hereafter referred to as MSK) on workers at the Hanford Laboratory in the state of Washington, and it will be used as an example in many cases although all the problems to be discussed do not necessarily apply to that study. It was a proportional mortality study, determining what fraction of all Hanford workers who have died succumbed to various diseases, and correlating this with their accumulated occupational radiation exposure by a complex mathematical analysis. Their most important results, as well as those of a later paper by that group [5] designated KSM, are listed in Table 1 (from [6] ). According to [1] [2] [3] , the doubling dose for all cancer is about 2,000 rad, and the lowest doubling dose for any type of cancer is about 400 rad for leukemia, so MSK represents a claim that these estimates are low by about two orders of magnitude.
It is the purpose of this paper to show some of the problems in the MSK and similar analyses , and thereby to explain why they have not been accepted by the prestigious groups responsible for [1] [2] [3] or by any significant segment of the scientific community. There will be no attempt to cover the vast body of evidence supporting the more standard estimates; this has been reviewed in a previous paper [30] . 4 = 160,000, or a total population of 800,000, all of whom were exposed to an excess of 10 rad! Another approach would be to select a favorable type of cancer. The best choice would probably be leukemia because its normal incidence is rather low, .0084, and it has a high sensitivity to radiation-10 rad gives a risk of .0002, or an increased risk of one part in 42. To measure its effect with 95 percent statistical confidence requires N = (42)2 x 4 = 7,000 or again a total population of 800,000 all of whom were exposed to 10 rad. Of course if the radiation risk were larger than given by usual estimates, smaller sample sizes would be adequate.
GEOGRAPHICAL VARIATIONS
Populations of this size are available if one uses natural radiation, taking advantage of its geographical variations. For example, a citizen of CO, WY, NM, or UT receives about 3 rad/lifetime more than the U.S. average whereas citizens of FL receive about 1 rad less. Table 2 shows the cancer and leukemia rates in these states compared with the U.S. average [31] . The third column shows the expected rates for CO if the U.S. population were a suitable control group, with the only difference being radiation exposure.
In Table 2 we see that areas with higher radiation exposure have lower cancer and leukemia rates, and vice versa. From this we may conclude either that radiation prevents cancer, or that there is something wrong with the methodology. Nearly everyone would adopt the latter conclusion, but it is interesting to speculate on whether this attitude would have prevailed if the states with higher radiation levels happened to have higher cancer rates. The problem with our methodology is that the U.S. population is not a suitable control group for the state of Colorado. This points up the most serious problem in any study of this type-it is extremely difficult to find a suitable control group.
The reason for this is that cancer incidence varies markedly depending on many factors. For example, skin cancer is 200 times more prevalent in Queensland, Australia, than in Bombay, India; cancer of the esophagus is 300 times more prevalent in Northeastern Iran than in Nigeria; liver cancer is 70 times more prevalent in Mozambique than in Norway; and cervical cancer is 15 times more prevalent in Colombia than in Israel.
Even within the U.S. where life styles are rather uniform, there are large variations between states, as we have seen in Table 2 . Some other state rates ( x 10-5/yr) are [31] RI-239, PA-218, NY-207, NJ-206, as compared with AK-73, UT-106, CO-120, TX-155, VA-157, and NC-159. There are also rural-urban differences: for example, colon cancer rates in the U.S. northeast are 20 x 10-s for urban and 18 x 10-5 for rural areas. For the U.S. southeast, these numbers are 13.5 and 11, respectively, again emphasizing geographical variations.
RACIAL DIFFERENCES There are also racial differences. For example [31] , in the U.S. blacks have only 81 percent as much risk of bladder cancer as whites; this ratio is 81 percent for kidney cancer and 94 percent for breast cancer. But blacks have 3.8 times as much cancer of the esophagus, 2.2 times as much prostate cancer, and 1.9 times as much stomach cancer as whites. With so much sensitivity to geography, race, and population density (urban-rural), it is reasonable to expect sensitivity to a large number of other factors, so extreme caution must be exercised in choosing a control group.
HEALTHY WORKER EFFECT
It is well known that steady employment by a large firm correlates strongly with good health, in what is called the "healthy worker effect." For example, the ratio of age-adjusted mortality rates to the U.S. average for some industry groups that have been studied are [32] The "healthy worker effect" does not apply equally to all diseases, and cancer is much less affected than most others. Thus, in a proportional mortality study, longterm steady employees would have a higher probability of dying of cancer. This important point was ignored in the MSK study. Table 3 shows the mortality rates in the U.S. vs. time for two types of cancer, and we see that the variations are very large, sometimes increasing and sometimes de- creasing. In comparing observed with expected mortality rates, it is therefore very important to correct for calendar year. For example, MSK used the 1960 rate for lung cancer although the average calendar year of the deaths in their study was about 1970. It is clear from Table 3 that this represents an important error. In fact when it was corrected, their excess lung cancers due to radiation disappeared. There was also no correction for calendar year of death in the Gofman study of the Hanford workers [16] .
AGE VARIATIONS OF CAUSE OF DEATH
It is well known that each cause of death has a distinct and separate variation with age. For example, Table 4 shows the ratio of heart disease to cancer mortality rates vs. age. It is clear that the fraction of people dying of caticer depends on their age at death. One can hope that the average age at death was the same for the exposed group and the controls, but this should be explicitly investigated and corrected for. [34] , a proportional mortality study involving hundreds of occupations and over a hundred capses of death. Some of the findings are listed in Table 5 . It is very difficult to believe that many, if any, of these correlations is real, and it is not surprising that in such a long list of cases false positives will be found which apparently have more than 99 percent statistical confidence. Studies of this sort are interesting as suggestive evidence, but are certainly not conclusive. For example, only if similar correlatiofis between poultry farmers and leukemia appeared in other independent studies would they be taken seriously.
To some extent MSK used the long list technique in considering 18 different cancer types. A portion of their list is shown in Table 6 . They paid a great deal of further attention to the first three entries, but ignored the last three. 
USE OF PMR (PROPORTIONAL MORTALITY RATIOS)
The PMR is defined (for cancer) as PMR = (cancer deaths/total deaths) for exposed (cancer deaths/total deaths) for non-exposed This is an easy type of study to make as all one needs is a stack of death certificates which are then sorted by occupation. It is much easier than determining the SMR (standardized mortality ratio) defined as cancer mortality rate for exposed SMR = cancer mortality rate for non-exposed since the latter requires following up the entire exposed cohort to find out whether or not they have died. However, the SMR has two important advantages over the PMR:
(1) It includes those still living which are usually the large majority of the exposed.
The PMR ignores these. (2) A high PMR can mean a high cancer rate, or a low total death rate, and there is no way to distinguish between these alternatives. For these reasons, SMR are nearly always used wherever possible. It was ab initio highly unusual for MSK to use PMR when the SMR were readily available.
The SMR for the Hanford workers has been given by Gilbert [13] The ratios differ slightly from Gofman's because he did not adjust for age and calendar year of death. But the important point is that the difference between the > 10 rad and < 10 rad groups is not in their cancer rates, but in their non-cancer rates.
This point effectively destroys the thesis of the Gofman study.
CIGARETTE-SMOKING-CANCER CORRELATIONS
There are strong correlations between cancer rates and cigarette smoking [33] , as shown in Table 7 . It is also well known that some occupational, industrial, or social groupings smoke more than others. It is therefore important to consider correlations between radiation and smoking habits, especially when dealing with lung cancer.
There was no such consideration in MSK.
INDISCRIMINATE USE OF AVERAGES IN CALCULATIONS
Some of the statistical treatments used in analyses are rather elaborate, and if one traces through the derivations on which they are based, it is often found that one cannot indiscriminately replace a data distribution by its average. A flagrant example of the perils in doing this is the treatment of multiple myeloma in MSK. In the eight cases, radiation exposures were 34, 29, 20, 0.85, 0.23, 0.18, 0.15, and 0.09 rad, a total of 85 rad, which gives an average exposure of 10.7 rad. MSK treated this as eight cases with 10.7 rad each, and at the end of their complex analysis concluded that six of the eight cases were due to radiation. This implies that exposures of 0.18 rad or lower caused multiple myeloma. In fact, if all but the highest three exposures were zero, the analysis would be essentially unchanged and the results would indicate that three cases were due to zero radiation! Actually, all of the effects reported in MSK were essentially determined by exposures larger than 10 rad. This > 10 rad group included 34 cancer deaths and 80 non-cancer deaths [16] , so it is remarkable that MSK tried to draw such far-reaching conclusions from so little data.
IGNORING OTHER DATA When one purports to draw scientific conclusions, one is ordinarily obligated to consider all data bearing on the question rather than just the data being presented. None of the papers purporting to find that low-level radiation is more dangerous than indicated by usual estimates does this. For example, MSK pays no attention to the data on the Japanese A-bomb survivors which provides an abundance of information in the same dose range. A comparison for all cancers is shown in Fig. 1 where the dashed line represents the MSK result. It is clearly in sharp disagreement with the A-bomb survivor data.
CORRELATION BETWEEN RADIATION EXPOSURE AND OTHER FACTORS THAT MAY CAUSE CANCER Radiation exposure to the Hanford workers correlates with other factors, and it is important to consider the possibility that the excess cancers (if any) were due to these factors rather than to the radiation. This very important point was not considered by MSK.
A simple example is length of employment at Hanford. Clearly, short-term workers received less total radiation exposure than those who worked for 20 years or more. But short-term workers are subject to less influence from the "healthy worker effect," so they can be expected to die more frequently of diseases other than cancer. Another important example is the correlation between radiation exposure and occupation. Radiation is received mainly by "blue collar" workers, like technicians and operators; there is normally very little radiation exposure to "white collar" workers like administrators, secretaries, clerical workers, and so on.
But "blue collar" workers are also exposed to more chemical carcinogens, dust, and abnormal physical conditions, and these might cause excess cancers. Moreover, occupation correlates with social class and with cigarette smoking habits, and these have been shown to have an important influence on cause of death. Some evidence that cancer and total mortality rates, and their ratio, depend on occupation is shown in Table 8 . The occupational orders above the line are all those of a type that might be expected to receive radiation at Hanford, and those below the line are all those of a type that would be expected not to be exposed to much radiation. We see that the first group experiences a larger probability of dying from cancer, even though radiation is not a factor in Table 8 .
STATUS OF THE MSK ANALYSIS There have now been three completely independent analyses of the data on Hanford workers used by MSK [15, 17, 29] , and all of them conclude that the only statistically meaningful data are excesses of multiple myeloma and cancer of the pancreas among those with large exposures. For exposures > 15 rad, the data on these are: multiple myeloma: 3 obs, 0.4 exp CA of pancreas: 3 obs, 1.0 exp The question is whether these excesses are due to radiation or perhaps due to other exposures such as chemicals experienced by those who work with radiation. The most obvious approach to settling this question is to check on whether these diseases occur in excess among other groups exposed to radiation, such as the Japanese A-bomb survivors.
The data on cancer of the pancreas are shown in Fig. 2 where the dashed line represents the KSM result [5] ; the MSK result is 2.1 times steeper. The open square shows the 3 obs vs. 1 exp, at an average dose of 28 rad. We see that the A-bomb survivor data, shown by black dots, includes a point in the same dose range (10-50 rad) with far better statistical accuracy, and the effect is orders of magnitude smaller than that among the Hanford workers. This very strongly indicates that the excess cases of cancer of the pancreas among the Hanford workers are not due to radiation. 
